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Neurobiology of Disease

The Regulation of Autophagosome Dynamics by Huntingtin
and HAP1 Is Disrupted by Expression of Mutant Huntingtin,
Leading to Defective Cargo Degradation

Yvette C. Wong and Erika L. F. Holzbaur
Department of Physiology, Perelman School of Medicine, University of Pennsylvania, Philadelphia, Pennsylvania 19104

Autophagy is an essential cellular pathway for degrading defective organelles and aggregated proteins. Defects in autophagy have been
implicated in the neurodegenerative disorder Huntington’s disease (HD), in which polyglutamine-expanded huntingtin (polyQ-htt) is
predominantly cleared by autophagy. In neurons, autophagosomes form constitutively at the axon tip and undergo robust retrograde
axonal transport toward the cell body, but the factors regulating autophagosome dynamics and autophagosome maturation are not well
understood. Here, we show that both huntingtin (htt) and its adaptor protein huntingtin-associated protein-1 (HAP1) copurify and
colocalize with autophagosomes in neurons. We use live-cell imaging and RNAi in primary neurons from GFP-LC3 transgenic mice to
show that htt and HAP1 control autophagosome dynamics, regulating dynein and kinesin motors to promote processive transport.
Expression of polyQ-htt in either primary neurons or striatal cells from HD knock-in mice is sufficient to disrupt the axonal transport of
autophagosomes. Htt is not required for autophagosome formation or cargo loading. However, the defective autophagosome transport
observed in both htt-depleted neurons and polyQ-htt-expressing neurons is correlated with inefficient degradation of engulfed mito-
chondrial fragments. Together, these studies identify htt and HAP1 as regulators of autophagosome transport in neurons and suggest
that misregulation of autophagosome transport in HD leads to inefficient autophagosome maturation, potentially due to inhibition of
autophagosome/lysosome fusion along the axon. The resulting defective clearance of both polyQ-htt aggregates and dysfunctional

mitochondria by neuronal autophagosomes may contribute to neurodegeneration and cell death in HD.
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Introduction

Macroautophagy (referred to here as autophagy) is a critical cel-
lular degradation pathway mediated by the autophagosome, a
double-membrane vesicle that engulfs organelles and protein
cargo (Xie and Klionksy, 2007). Defective autophagy leads to
neurodegeneration (Hara et al., 2006; Komatsu et al., 2006) and is
implicated in neurodegenerative diseases including Hunting-
ton’s disease (HD; Martinez-Vicente et al., 2010; Wong and Cu-
ervo, 2010). In neurons, autophagosome formation is a polarized
process (Maday et al., 2012). Nascent autophagosomes form and
engulf cargo at the axon tip and subsequently undergo robust
retrograde axonal transport toward the soma (Lee et al., 2011;
Maday et al., 2012). Despite the pronounced unidirectional mo-
tility observed during autophagosome movement along the axon,
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both retrograde and anterograde motor proteins remain robustly
associated with autophagosomes (Maday et al., 2012), suggesting
that regulatory proteins such as scaffolding proteins may be neces-
sary to promote efficient transport by controlling motor activity.

Huntingtin (htt) regulates the transport dynamics of various or-
ganelles (Gunawardena et al., 2003; Gauthier et al., 2004; Caviston et
al., 2007; Her and Goldstein, 2008; Power et al., 2012). Htt binds
directly to the retrograde motor dynein (Caviston et al., 2007) and
interacts with the dynein-activator dynactin and the anterograde
motor kinesin-1 via the adaptor protein huntingtin-associated
protein-1 (HAP1; Li et al., 1995; Engelender et al., 1997; Li et al.,
1998; McGuire et al., 2006; Twelvetrees et al., 2010). Therefore, the
formation of a htt-HAP1-motor complex may regulate autophago-
some dynamics along the axon.

Polyglutamine expansions in htt (polyQ-htt) cause HD, and
both soluble and aggregated polyQ-htt are cleared by autophagy
(Ravikumar et al., 2002; Qin et al., 2003). Disruption of au-
tophagy accelerates polyQ-htt aggregate formation and cell death
(Ravikumar et al., 2004; Sarkar et al., 2007) and defects in au-
tophagic cargo loading (Martinez-Vicente et al., 2010) have been
observed in HD models, further suggesting a link between defects
in autophagy and HD.

Here, we find a role for htt and HAP1 as regulators of autopha-
gosome transport. Using live-cell imaging in primary neurons, we
show that the htt/HAP1 complex enhances retrograde motility, pro-
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Figure 1.

Materials and Methods

Reagents. GFP-LC3 transgenic mice, strain name B6.Cg-Tg(CAG-EGFP/
LC3)53Nmi/NmiRbrc, were developed by N. Mizushima (Tokyo Medi-
cal and Dental University, Tokyo, Japan; Mizushima et al., 2004) and
deposited into the RIKEN BioResource Center (Japan). Immortalized
STHdhQ striatal cell lines from control HdhQ23/Q23 and HD-knock-in
Hdh Q111/Q111 mice were developed by M. MacDonald (Richard B.
Simches Research Center, Boston, MA; Trettel et al., 2000) and deposited
into the Coriell Cell Repositories (Camden, NJ). siRNA to htt (5'-
GCAGCUUGUCCAGGUUUAUUU-3")andHAP1(5'-GAAGUAUGUC
CUCCAGCAAUU-3") were obtained from Dharmacon (Thermo
Scientific). Constructs used were DsRed2-mito (gift from T. Schwarz,
Harvard Medical School, Boston, MA), monomeric RFP-Ub (Addgene),
LAMP1-RFP (Addgene), hHAP1a (gift from X. J. Li, Emory University,
Atlanta, GA), and mCherry-EGFP-LC3 (gift from T. Johansen, Univer-
sity of Tromse, Tromse, Norway; Pankiv et al., 2007). Htt-Q23, htt-Q23-
Adyn, htt-Q23-AHAP1, htt-Q100, htt-68Q, and HAP1-KBD were gifts
from F. Saudou (Institut Curie, Orsay, France; Pardo et al., 2010) and J.
Kittler (University College London, London, United Kingdom). pEGFP-
LC3 (a gift from T. Yoshimori, Osaka University, Osaka, Japan; Kimura
etal.,, 2007), dynein intermediate chain 1B (DIC1B; a gift from K. Pfister,
University of Virginia, Charlottesville, VA), and Kif5C tail (a gift from M.
Setou, Hamamatsu University School of Medicine, Shizuoka, Japan)
were recloned into pmCherry (Takara). DIC isoforms 1A and 2C (gifts
from K. Pfister, University of Virginia, Charlottesville, VA) were re-
cloned into pcDNA3.1mychisA (Invitrogen). Antibodies used were a
polyclonal antibody against LC3B (Abcam) and monoclonal antibodies
against: htt (MAB2166; Millipore), HAP1 (611302; BD Biosciences),
dynein intermediate chain (DIC) (clone 74.1; Millipore), dynactin
p150GIqu (610474; BD Biosciences), kinesin-1 heavy chain (clone H2;
Millipore), GAPDH (ab9484; Abcam), a-tubulin (DM1A; Sigma), HA
(MMS-101P; Covance), myc (R950; Invitrogen), and Hsp60 (SPA-806;
Enzo Life Sciences).

Cell culture and transfection. Dorsal root ganglia (DRGs) were dis-
sected from spinal columns of adult mice of either sex that were <1 year
old. To isolate neurons, DRGs were treated with 20 U/ml papain (Wor-
thington), followed by 2 mg/ml collagenase II (Invitrogen) and 2.4
mg/ml dispase II (Roche). Neurons were dissociated in HBSS (Invitro-
gen) supplemented with 5 mm HEPES and 10 mMm p-glucose, pH 7.35,
and purified using a 20% Percoll gradient (Sigma) for 8 min at 1000 X g.
DRG neurons were transfected with 0.5-2 ug of plasmid DNA, 12-30
pmol of siRNA, or both using the Amaxa Basic Neuron SCN Nucleofec-
tor kit (Lonza) and then plated onto coverslips or glass-bottom dishes
(FluoroDish; World Precision Instruments) coated with 0.01% poly-L-
lysine and 20 wg/ml laminin. Neurons were maintained for 2 DIV in F-12
medium (Invitrogen) supplemented with 10% heat-inactivated fetal bo-
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Htt associates with autophagosomes in neurons. A, Autophagosome-enriched fraction (AV) prepared from mouse
brain containing LC3-Il, the lipidated form of L(3, is positive for htt, HAP1, the retrograde motor complex proteins dynein and
dynactin, and the anterograde motor protein kinesin, but not for the cytoplasmic protein GAPDH. Equal total protein was loaded
from the low speed supernatant fraction (LSS) obtained before purification for comparison by immunoblot. B—D, Representative
images with corresponding linescans of immunostaining of endogenous LC3 with htt (B,€) and HAP1 (D) in axons from primary
DRG neurons demonstrate colocalization of htt and HAP1 with autophagosomes. Arrowheads highlight areas of colocalization.
Horizontal scale barsin B-D, 1 um.

vine serum, 2 mMm L-glutamine, and 100 U/ml penicillin-streptomycin at
37°C in a 5% CO, incubator. Striatal cells were cultured and differenti-
ated as described previously(Trettel et al., 2000) and imaged 2 DIV after
differentiation. Both striatal cells and COS-7 cells were transfected using
FuGENE 6 (Promega). All live-cell imaging was performed in low fluo-
rescence nutrient medium (Hibernate A; BrainBits) supplemented with
2% B27 supplement (Invitrogen) and 2 mm GlutaMax (Invitrogen).
DRGs were labeled with 100 nm LysoTracker Red (Invitrogen) diluted in
F-12 medium for 30 min at 37°C in a 5% CO, incubator, followed by two
washes with Hibernate A medium before imaging. All experiments involving
animals were approved by the Institutional Animal Care and Use Committee
at the University of Pennsylvania.

Biochemistry. Autophagosome-enriched fractions were prepared from
GFP-LC3 transgenic mice brains using a protocol adapted from Morvan
etal. (2009) and Stremhaug et al. (1998), as described previously (Maday
etal., 2012). Brains were homogenized in 10 ml of 250 mM sucrose in 10
mwm HEPES-KOH, pH 7.4, using a 30 ml homogenizer with a round-
bottom Teflon pestle. The homogenate was separated using a Nycondenz
gradient and volumes of the gradient steps were then scaled proportion-
ately for the SW41 rotor (Beckman Coulter). Equal total protein of low-
speed supernatant and the autophagosome-enriched fraction were
separated by SDS-PAGE and analyzed by Western blot. For protein anal-
ysis of neuronal lysates, DRG neurons were cultured for 2 DIV, washed
with Dulbecco’s PBS (Invitrogen), pH 7.4, at room temperature, and
scraped into ice-cold lysis buffer [0.5 mm DTT, 1 mm leupeptin, 1 mm
Pepstatin-A, and 1 mm TAME (Tosyl-L-arginine methyl ester)]. Neuro-
nal lysates were analyzed by SDS-PAGE and Western blot according to
standard protocols.

Immunofluorescence. For immunofluorescence analysis, DRG neurons
were plated on coverslips and cultured for 2 DIV. Cells were washed once
in PBS (150 mm NaCl in 50 mMm NaPO,, pH 7.4) and fixed in 4% para-
formaldehyde with 4% sucrose in PBS for 5 min at room temperature.
Cells were then washed twice in PBS and blocked and permeabilized in
2% (w/v) BSA and 0.1% (w/v) saponin in PBS for 1 h at room tempera-
ture. Fixed cells were incubated in primary antibody for 1 h, washed 3 X
5 min, incubated in secondary antibody for 1 h, washed 3 X 5 min and
mounted on glass slides with ProLong gold (Invitrogen).

Immunoprecipitation. To examine coimmunoprecipitation of htt with
dynein isoforms, COS-7 cells were cotransfected for 24 h with myc-
tagged DIC isoforms and HA-tagged wild-type htt or polyQ-htt using
FuGENE 6 (Promega). Cells were lysed in 80 mm PIPES, 1 mm EGTA, 1
mm MgCl,, 50 mm NaCl, 0.5 mm DTT, 0.5% Triton X-100, and protease
inhibitors (1 mm PMSF, 1 mum leupeptin, and 1 mm TAME). Lysates were
immunoprecipitated using Protein G-coupled Dynabeads (Invitrogen)
incubated in anti-myc antibody, and washed in the above buffer without



Wong and Holzbaur e Mutant Huntingtin Disrupts Autophagosome Dynamics

htt KD

GFP-LC3 v
4 " .
” 0 sec
A4 ; v
.60 sec
M
v -
Q \ 120 sec
v
% v
v v v

180 sec 180 sec
[
£
=

Cell Body Cell Body
g i W Mock H Mock W Mock
v © 20 O htt KD 25 s OhtkD ;020 0 htt KD
& S 60 ** £ 20 $o45] —* B
hit [———— € 2 ] E
@ £ 15 =
tubulin E § 40 GE: © § 0.10
o = o
<) c * o
% 20 8 & — c 0.05
©
2o ) 0 - 0.00 |
< RetrogradeAnterograde Stationary Net Individual Net Individual
runs runs runs runs
F A A A 4
Mock
htt KD
htt KD
+ WT-htt
Cell Body
G E Mock
3 htt KD W Mock
a0 rﬂ‘r\ I htt KD + WT-htt 3006 Ns.  OhttkD
§ * % K ,_|
G 60 €
€ 7 20.04
£ 40 3
o 4 8
I 20.02
820 3
s B
g o 5 Z 0.00 " )
< Retrograde Anterograde Stationary Lysosomes Mitochondria

Figure2. Httregulates autophagosome transport in neurons. 4, Representative time series and corresponding kymographs of
GFP-LC3 autophagosome transport in axons of control (mock) and htt siRNA-depleted (htt KD) primary DRG neurons from GFP-
L(3-transgenic mice. Autophagosomes in control neurons demonstrate robust retrograde transport (arrowheads), whereas au-
tophagosomes in htt-depleted neurons show disrupted motility (arrowheads). B, Htt protein levels are efficiently depleted by htt
siRNA in immunoblot. C, Depleting htt decreases the percentage of retrograde autophagosomes (moving =10 wm/3 min in the
retrograde direction) and increases the percentage of stationary autophagosomes (moving <<10 pm/3 min) in neurons (mock,
n = 23;httKD, n = 23). The percentage of anterograde autophagosomes (moving =10 m/3 min in the anterograde direction)
was not altered. D, E, Run lengths (D) and run speeds (E) from autophagosome net runs (total distance traveled over 3 min) and
individual runs (distance traveled before changing direction or speed) are reduced by htt depletion in primary neurons (net runs:
mock, n = 143; htt KD, n = 162; individual runs: mock, n = 667; htt KD, n = 608). F, Representative kymographs of GFP-L(3
autophagosome transport demonstrate rescue of retrograde autophagosome transport (arrowheads) in htt-siRNA neurons ex-
pressing siRNA-resistant wild-type htt Q23 (htt KD + WT-htt) compared with htt siRNA-depleted (htt KD) primary DRG neurons.
Rescued neurons have similar autophagosome transport to control neurons (mock). G, Expression of wild-type htt rescues the
percentage of retrograde autophagosomes in htt-siRNA neurons (mock, n = 17; httKD, n = 15; htt KD + WT-htt,n = 12). H, Htt
depletion does not disrupt net run speeds of lysosomes or mitochondria in primary DRG neurons (lysosomes: mock, n = 126; htt
KD, n = 149; mitochondria: mock, n = 122; htt KD, n = 177). Horizontal scale barsin Aand F, 10 wm. Vertical scale bars, 1 min.
Values represent means == SEM. *p << 0.05; **p << 0.01; ***p < 0.001; N.S. (not significant, p = 0.05).

detergent. Equal total protein levels of lysates and eluates were analyzed
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(Leica) in a temperature-controlled chamber
(37°C). Digital images were acquired with a
charge-coupled device camera (ORCA-R%
Hamamatsu Photonics) using LAS-AF software
(Leica) at 1 frame every 3 s for a 3 min duration.
Dual-color videos were acquired as consecutive
green-red images for 3 min duration.

Images of lysosome and mitochondrial mo-
tility (Fig. 2H ), cotransport of GFP-LC3 with
motors (Fig. 3 F, G), autophagosome biogene-
sis, GFP-LC3 cotransport with cargo, and mat-
uration and fusion with lysosomes (Figs.
6A-D, 7, 8) were acquired on a spinning-disk
confocal (UltraVIEW VoX; PerkinElmer) on a
Nikon Eclipse Ti microscope using an Apo-
chromat 100X 1.49 NA oil-immersion objec-
tive (Nikon) in a temperature-controlled
chamber (37°C). Digital images were acquired
with an EM charge-coupled device camera
(C9100; Hamamatsu Photonics) using Voloc-
ity software (PerkinElmer) at 1 frame every 3-5
s for 3-10 min duration. Dual-color videos
were acquired as consecutive green-red images
for colocalization/cotransport experiments.
Videos of mitochondria cotransported with
autophagosomes were acquired using longer
exposure times to allow visualization of mito-
chondrial fragments within autophagosomes.
Neurons fixed for immunofluorescence exper-
iments (Fig. 1B-D) were also imaged using the
confocal microscope described above. All im-
ages were assembled using ImageJ and Adobe
Photoshop.

Image analysis. Kymographs were created
using MetaMorph (Molecular Devices) for
time-lapse epifluorescent images and the Mul-
tiple Kymograph plugin (submitted by J. Riet-
dorfand A. Seitz, European Molecular Biology
Laboratory, Heidelberg, Germany) in Image]J
for time-lapse confocal images. From these ky-
mographs, GFP-LC3 puncta were classified as
retrograde (moved =10 um in the retrograde
direction), anterograde (moved =10 wm in the
anterograde direction), or stationary (moved
<10 pwm during the duration of the 3 min
video). The percent motility of autophago-
somes along the axon (retrograde, antero-
grade, or stationary) was calculated as a
percentage of the total number of autophago-
somes imaged per neuron. Run lengths and
run speeds of organelles were manually mea-
sured for net runs (the total distance a puncta
traveled during the 3 min video) and individ-
ual runs (the distance a puncta traveled before
switching direction or speed) by drawing a
slope from the beginning to the end of the run
on the kymograph. Neurons from htt-depleted
or htt rescue cultures were analyzed for the
percentage of retrograde autophagosomes and
then normalized to the percentage of retrograde

by SDS-PAGE and Western blot according to standard protocols. Mea-
sured band intensities of htt coimmunoprecipitating with DIC were nor-
malized to account for differential DIC isoform expression and
immunoprecipitation, and are expressed as the ratio of the DIC2C:
DICI1A interaction for each htt construct.

Microscopy. Images of GFP-LC3 motility (Figs. 2, 34, 4, 5), mCherry-
EGFP-LC3 motility (Fig. 6E) and polyQ-htt (Fig. 9) were acquired on an
inverted epifluorescence microscope (DMI6000B; Leica) with an Apo-
chromat 63X 1.4 numerical aperture (NA) oil-immersion objective

autophagosomes from control neurons of corresponding experiments per-
formed in parallel (Fig. 3C). For HAP1 depletion experiments, net runs
and individual runs were further classified as retrograde directed
(moved any distance in the retrograde direction) or anterograde di-
rected (moved any distance in the anterograde direction).

To assess colocalization of LC3 with motors or cargo, line scans
were generated using Image] and normalized per protein and per
condition. Autophagosome density at the axon tip was calculated
using the total number of autophagosomes observed at the beginning
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of a video in a given axon tip (total area < A Y
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tophagosome density along the axon was cal-
culated from kymographs using the total
number of autophagosomes observed divided
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calculated using the total number of autopha-
gosomes observed at the axon tip (total area <
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Image].

Statistical analysis. Statistics and graphing
were performed using Prism (GraphPad) soft-
ware. Comparisons of two datasets were per-
formed using unpaired two-tailed Student’s ¢
test. Comparisons of percentage motility of au-
tophagosomes for multiple datasets were per-
formed using two-way ANOVA with Tukey’s
post hoc test. All other comparisons of multiple
datasets were performed using one-way
ANOVA with Tukey’s post hoc test.
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Htt regulates autophagosome transport by binding to dynein and HAP1. A, Representative kymographs of GPF-LC3
autophagosome transport demonstrate that siRNA-resistant dominant-negative htt constructs that cannot bind dynein (htt KD +
htt-Adyn) or HAP1 (htt KD + htt-AHAP1) are unable to rescue autophagosome motility (arrowheads) in htt siRNA-depleted
primary DRG neurons, compared with normal full-length htt (htt KD + WT-htt). B, WT-htt, htt-Adyn, and htt-AHAP1 are all
efficiently expressed in neurons by immunoblot. €, WT-htt rescues the percentage of retrograde autophagosomes to control levels,
whereas htt-Adyn and htt-AHAP1 are unable to do so (mock, n = 41; htt KD, n = 14; WT-htt, n = 37; htt-Adyn, n = 25;
htt-AHAP1, n = 23). D, E, Run lengths (D) and run speeds (E) from autophagosome net runs (total distance traveled over 3 min)
are not rescued by htt-Adyn or htt-AHAP1 compared with WT-htt (mock, n = 184; WT-htt, n = 135; htt-Adyn, n = 207;
htt-AHAP1, n = 67). F, Representative kymographs and corresponding line scans show colocalization and cotransport (arrow-
heads) of a neuronal-specific isoform of the retrograde motor dynein (DIC1B-mCherry) with GFP-LC3 autophagosomes in both

control neurons (mock) and htt-depleted (htt KD) primary DRG neurons. G, Representative kymographs and corresponding line

Results

Htt regulates autophagosome transport
in neurons

Htt regulates the transport of organelles
including brain-derived neurotrophic
factor (BDNF)-containing vesicles and recycling endosomes
(Gunawardena et al., 2003; Gauthier et al., 2004; Caviston et al.,
2007; Her and Goldstein, 2008; Power et al., 2012). Here, we
investigated whether htt and its adaptor protein HAP1 regulate
autophagosome dynamics. Htt has been localized previously to
the outer membrane of liver-isolated autophagosomes (Atwal et
al., 2007; Martinez-Vicente et al., 2010). To determine whether
htt and HAP1 are associated with neuronal autophagosomes, we
isolated autophagosomes from mouse brain (Stromhaug et al.,
1998; Morvan et al., 2009), enriching for LC3-II, the membrane-
associated lipidated form of the autophagosome marker LC3
(Kabeya et al., 2000; Bampton et al., 2005; Klionsky et al., 2012).
Htt and the HAPI isoforms HAPla and HAP1b copurified in
LC3-II-enriched fractions (Fig. 1A), along with dynein, dynactin,
and kinesin-1, as shown previously (Maday et al., 2012). Immu-
nofluorescent staining of LC3 in axons from primary neurons
showed ~65% of LC3 puncta colocalized with endogenous htt

) < 0,01,

scans show colocalization and cotransport (arrowheads) of the anterograde motor kinesin (KifSC-mCherry) with GFP-LC3 autopha-
gosomes in both control neurons (mock) and htt-depleted neurons (htt KD). Line scan intensities are normalized per marker and
per condition. Horizontal scale bars: 4, 10 wm; F, G, 2 um. Vertical scale bars, 1 min. Values represent means = SEM. *p << 0.05;

(Fig. 1 B,C). Endogenous HAP1 also showed >50% colocaliza-
tion with LC3 puncta in axons of primary neurons (Fig. 1D).
To study the regulation of autophagosome dynamics in pri-
mary neurons, we isolated DRG neurons from GFP-LC3 trans-
genic mice (Mizushima et al., 2004) and analyzed GFP-LC3
labeled motility along neurites using live-cell imaging. DRG neu-
rites extend up to 1000 wm from the soma (Perlson et al., 2009);
microtubules in these neurites are uniformly polarized (Maday et
al., 2012). Using this model system, we have found that autopha-
gosomes form constitutively at neurite tips and undergo robust
unidirectional transport toward the soma (Maday et al., 2012)
driven by dynein and dynactin (Ravikumar et al., 2005; Jahreiss et
al., 2008; Kimura et al., 2008; Lee et al., 2011; Maday et al., 2012).
We depleted htt from DRGs using fluorescently labeled siRNA;
~80% of neurons were positive for the htt-siRNA, leading to re-
duced htt levels on immunoblot (Fig. 2B). Htt depletion did not
significantly decrease neurite length under our conditions (mock,
507 = 19.1 wmvshttKD, 475 * 15 um; p = 0.19). Autophagosomes
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0.15 + 0.015 wm/s; p < 0.05). Importantly,
these effects were specific to autophago-
somes because neither lysosomal nor mito-
chondrial velocities were reduced by htt
depletion (Fig. 2H).

Htt binds dynein directly and binds
both dynactin and kinesin-1 indirectly via
the adaptor HAP1 (Li et al., 1995; Enge-
lender et al., 1997; Li et al., 1998; McGuire
et al., 2006; Caviston et al., 2007; Twelve-
trees et al., 2010). Therefore, htt might
regulate autophagosome transport either

Cell Body Cell Body Cell Body by interacting with bound motor proteins
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in control neurons showed robust motility along the neurite, with
the majority (70 = 4.8%) moving in the retrograde direction (=10
um/3 min); few (28 = 4.5%) were stationary (<10 wm/3 min), as
described previously (Maday et al., 2012). In contrast, htt-depleted
neurons had a significantly decreased percentage of retrograde au-
tophagosomes (45 = 6.9%; p < 0.01) and a significant increase in
bidirectional or stationary autophagosomes (52 % 6.6%; p < 0.01;
Fig. 2A, C). Further, autophagosomes in htt-depleted neurons ex-
hibited reduced run lengths and run speeds and both net runs and
individual runs were decreased (Fig. 2D, E).

To confirm specificity of knockdown, we rescued neurons
depleted of endogenous htt with a full-length human htt-Q23
construct (WT-htt) resistant to the oligos used for siRNA. Rescue
with WT-htt significantly increased the percentage of retrograde
autophagosomes to levels similar to control neurons (Fig. 2 F, G) and
significantly increased autophagosome net run lengths (htt KD,
17.2 = 2.03 wmvs htt KD + WT-htt, 25.2 = 2.41 um; p < 0.05) and
net run speeds (htt KD, 0.10 = 0.012 wm/s vs htt KD + WT-htt,

HAP1 depletion inhibits autophagosome transport in neurons. A, Representative time series and corresponding
kymographs of GFP-LC3 autophagosome transport in axons of primary DRG neurons demonstrate that autophagosome transport
is disrupted in HAP1 siRNA-depleted neurons (HAP1 KD) compared with control neurons (mock) and is rescued by expression of
siRNA-resistant human HAP1 (HAP1 KD + hHAP1; arrowheads). Two autophagosomes are shown moving in control neurons
(Mock) with one leaving the frame of view by 180 s (see corresponding kymograph). B, Depleting HAP1 decreases the percentage
of retrograde autophagosomes and increases the percentage of stationary autophagosomes in neurons; these defects are rescued
by expression of siRNA-resistant human HAP1 (HAP1KD + hHAP1) (mock, n = 10; HAP1KD, n = 14; HAP1KD + hHAP1,n = 6).
C, D, HAP1 depletion reduces net run lengths (€) and net run speeds (D) of autophagosomes; these defects are rescued by hHAP1
expression (mock, n = 52; HAP1KD, n = 39; HAP1KD + hHAP1,n = 17). E, F, HAP1 depletion reduces the run lengths (E) and
run speeds (F) of autophagosome net runs (total distance traveled over 3 min) in the retrograde direction, but not in the antero-
grade direction (retrograde-directed: mock, n = 180; HAP1KD, n = 107; anterograde-directed: mock, n = 30; HAP1KD, n = 30).
G, HAP1 depletion reduces individual run speeds in hoth the retrograde and anterograde direction (retrograde-directed: mock,
n=1709; HAP1KD, n = 336; anterograde-directed: mock, n = 269; HAP1KD, n = 175). Retrograde directed refers to runs of any
length in the retrograde direction; anterograde directed refers to runs of any length in the anterograde direction. H, Expression of
HAP1 lacking the kinesin-binding domain (HAP1-KBD) results in an increase in the fraction of autophagosomes expressing slower
anterograde run speeds (mock, n = 25; HAP1-KBD, n = 21). Horizontal scale bar, 10 pm. Vertical scale bar, 1 min. Values

pressing either htt-Adyn or htt-AHAP1
demonstrated significantly disrupted au-
tophagosome transport (Fig. 3A, C). More-
over, both htt-Adyn and htt-AHAP1 were
unable to rescue autophagosome net run
length or speed (Fig. 3D,E). These results
are consistent with the hypothesis that the
interactions of htt and HAP1 with microtu-
bule motors regulate their activity to pro-
mote efficient unidirectional transport.

We next tested the hypothesis that htt
recruits motor proteins to autophagosomes.
We depleted htt in DRG neurons and used
live-cell imaging to determine that both dy-
nein (Fig. 3F) and kinesin-1 (Fig. 3G) were
still cotransported with GFP-LC3-labeled
autophagosomes, as shown in representa-
tive images and corresponding line scans
from single neurons. This suggests that motor proteins are still re-
cruited to autophagosomes in the absence of htt, potentially by pro-
teins such as FYCO1 (Pankiv et al., 2010). However, because we
could not assess the number of bound motors quantitatively under
each condition, we cannot exclude the possibility that htt depletion
may decrease the number of motors recruited to autophagosomes.

Loss of HAP1 disrupts autophagosome transport

To further investigate the role of htt and HAP1 in regulating
autophagosome dynamics, we depleted HAP1 in GFP-LC3-
expressing DRG neurons using a fluorescently labeled siRNA.
HAPI-depleted neurons demonstrated significant disruption of
autophagosome transport (Fig. 4A), with an increased percent-
age of stationary autophagosomes (mock, 19 * 5.8% vs HAP1
KD, 64 = 9.5%; p < 0.001) and significantly fewer autophago-
somes moving in the retrograde direction (mock, 81 * 5.8% vs
HAPI1 KD, 34 = 9.2%; p < 0.001; Fig. 4B). To confirm specificity
of knockdown, we expressed an siRNA-resistant human HAP1
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(hHAP1) construct, which rescued au-
tophagosome motility to levels seen in
control neurons (Fig. 4A,B). Net run
speeds and net run lengths of autophago-
somes were also significantly decreased by
HAP1 depletion and were rescued by
hHAP1 expression (Fig. 4C,D). HAP1 was
shown previously to regulate neurite length
in PC12 cells (Li et al., 2000; Rong et al.,
2006), which have much shorter neurites
than the DRGs studied here. However, we
found that neurite length in primary DRG
neurons at 2 DIV was not affected by HAP1
depletion (mock, 424 = 12.3 wm vs HAP1
KD, 466 = 23.2 um), suggesting that the
disruption of autophagosome transport in-
duced by HAP1 depletion is not the result of
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trees et al., 2010). HAP1-KBD expression Figure5.  Pathogenic polyQ-htt disrupts autophagosome dynamics in neurons. 4, B, Representative time series (4) and kymo-

increased the percentage of slow-moving
(<0.01 wm/s) anterograde runs (Fig. 4H),
whereas depleting HAP1 increased the
length of individual anterograde runs
(mock, 1.16 £ 0.089 wm vs HAP1 KD,
1.90 = 0.383 wm; p < 0.05). Therefore, dis-
ruption of HAP1 function in primary neu-
rons induces prolonged anterograde runs
but at slower speeds. Together, these results
support a role for HAP1 in regulating au-
tophagosome motility by promoting effi-
cient retrograde-directed transport.

graphs (B) of GPF-LC3 show that expression of siRNA-resistant polyQ-htt (Q100) in siRNA-htt-depleted primary DRG neurons
disrupts autophagosome transport (arrowheads) compared with expression of wild-type htt (WT-htt, Q23). , PolyQ-htt decreases
the percentage of retrograde autophagosomes and increases the percentage of stationary autophagosomes in neurons (WT-htt,
n = 19; polyQ-htt, n = 17). D, E, Run lengths (D) and run speeds () from autophagosome net runs (total distance traveled over
3 min) and individual runs (distance traveled before changing direction or speed) are reduced by polyQ-htt compared with
wild-type httin primary neurons (net runs: WT-htt, n = 97; polyQ-htt, n = 77; individual runs: WT-htt, n = 526; polyQ-htt,n =
393). F, Representative kymographs of mCherry-L(3 show reduced autophagosome motility in neurites of differentiated striatal
cells from HD homozygous knock-in mice (HdhQ111/Q111) compared with striatal cells from wild-type mice (HdhQ7/Q7). G,
Autophagosome net run lengths and net run speeds are reduced in HdhQ111/Q111 striatal cells (WT, n = 163; HD, n = 50). H,
Coimmunoprecipitation experiments show that both wild-type htt (Q23) and polyQ-htt (Q100) preferentially bind to neuronal-
specific isoform DIC1A compared with the ubiquitously expressed isoform DIC2C. Band intensities of coimmunoprecipitated htt
were normalized for efficiency of DIC expression and immunoprecipitation and expressed as the relative ratio of DIC2C: DICTA

interaction for each htt construct. Horizontal scale bars, 10 m. Vertical scale bars, T min. Values represent means == SEM. *p <

Pathogenic polyQ-htt disrupts
autophagosome dynamics

PolyQ expansions in htt cause HD, an autosomal-dominant neu-
rodegenerative disorder in which autophagy has been found to be
critical in clearing both soluble and aggregated forms of patho-
genic polyQ-htt (Ravikumar et al., 2002; Qin et al., 2003). To
determine whether autophagosome transport is affected by
polyQ-htt, we expressed siRNA-resistant wild-type htt (Q23) and
polyQ-htt (Q100) in primary neurons depleted of endogenous
htt and found that autophagosome motility was inhibited by
polyQ-htt expression (Fig. 5A, B). Neurons expressing polyQ-htt

0.05; *#p < 0.01; ***p < 0,001,

had asignificant increase in the percentage of stationary autopha-
gosomes (58 * 8.5%) compared with neurons expressing wild-
type htt (25 = 5.4%; p < 0.01) and exhibited decreased run
lengths and speeds (Fig. 5C-E).

Striatal neurons are among the cells selectively affected in HD, so
we compared autophagosome motility in striatal cells from wild-
type mice (HdhQ7/Q7) and from HD-knock-in mice (HdhQ111/
Q111; Trettel et al., 2000) using live-cell imaging of mCherry-LC3.
Striatal cells from HD mice demonstrated significant disruption of
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Figure 6.  Httis not required for initial steps of autophagosome formation, cargo loading, and initial maturation. 4, Represen-
tative confocal live-cell images of GFP-LC3 autophagosomes demonstrate autophagosomes forming (arrowheads) in the distal tip
of the neurite from puncta into ring-like structures in both control (mock) and htt-depleted (htt KD) primary DRG neurons.
Autophagosome density at the axon tip and along the axon is not disrupted by htt depletion (axon tip: mock, n = 10; htt KD, n =
13; axon: mock, n = 23; htt KD, n = 23). B, C, Representative images and corresponding line scans of GFP-L(3 autophagosomes
colocalized with RFP-Ub ubiquitinated protein cargo (B) and DsRed2-mito mitochondrial fragments (C) in axons of both control
(mock) and htt-depleted (htt KD) neurons. Line scan intensities are normalized per marker and per condition. D, Representative
images of GFP-LC3 and LAMP1-RFP at the axon tip (top) and representative images and corresponding kymograph of GFP-LC3
autophagosomes positive for LAMP1-RFP (yellow arrowheads) along the axon (bottom) in both control (mock) and htt-depleted
(httKD) neurons (axon tip: mock,n = 19; httKD, n = 22; axon: mock, n = 22; httKD, n = 20). E, Representative images (top) and
kymographs (bottom) of acidification of autophagosomes (red arrowheads) in neurons expressing mCherry-EGFP-LC3 in both
control (mock) and htt-depleted (htt KD) primary DRG neurons. In acidic environments, the GFP moiety is preferentially quenched
with persistent mCherry fluorescence (mock, n = 16; htt KD, n = 13). Horizontal scale bars: 4, D, E (kymographs), 10 wm; B—E
(images), 1 wm. Vertical scale bars, 1 min.

autophagosome dynamics with decreased net run lengths (60 =
11.6% of wild-type levels; p < 0.05) and decreased net run speeds
(61 = 11.7% of wild-type levels; p < 0.05; Fig. 5F, G). These results
further support the hypothesis that expression of polyQ-htt leads to
misregulated autophagosome transport in neurons.

HD causes selective neurodegeneration, although htt is ubiqui-
tously expressed throughout the body (Gusella and MacDonald,
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2006). The cell-type specificity observed in
HD has been proposed to be mediated by
htt’s interactions with neuronal-specific
proteins (Subramaniam et al., 2009). There-
fore, we investigated the ability of htt to
bind to differentially expressed isoforms of
dynein intermediate chain (DIC), the major
cargo-binding subunit of the dynein motor
(Kuta et al, 2010). The DIC1 gene
(DYNCII1) is expressed in a neuron-
specific manner to produce isoforms
DIC1A, DIC1B, and DICIC, whereas the
DIC2C isoform is a product of the DIC2
gene (DYNCI1I2) and is expressed ubiqui-
tously (Pfister et al., 1996a, 1996b; Myers et
al., 2007; Kuta et al., 2010; Zhang et al.,
2013). Here, we investigated the ability of
wild-type htt and polyQ-htt to bind to the
neuronal-specific isoform DICIA com-
pared with the ubiquitously expressed iso-
form DIC2C. We coexpressed myc-tagged
DIC isoforms with HA-tagged htt in COS7
cells and immunoprecipitated using anti-
myc antibody. Both wild-type htt and
polyQ-htt bound strongly to neuronal-
specific DIC1A, but much less binding to
the ubiquitously expressed DIC2C isoform
was observed (Fig. 5H). This preferential as-
sociation of both wild-type and pathogenic
htt with the neuronal-specific dynein iso-
form predicts that dynein-based transport
of autophagosomes may be selectively im-
paired in neurons and this selectivity may
contribute to the neuronal-selective degen-
eration seen in HD.

Htt is not required for autophagosome
formation or cargo loading in neurons
To determine whether htt regulates other
aspects of autophagy in neurons, we ex-
amined three initial steps that occur be-
fore autophagosome transport down the
axon: autophagosome formation, cargo
loading, and initial fusion with late endo-
somes. In htt-depleted primary neurons, we
observed that autophagosomes continue to
form, developing from small puncta into
ring-like structures at the axon tip (Fig. 6A).
Depleting htt did not affect autophagosome
density at the axon tip, the site of constitu-
tive autophagosome formation, nor did htt
depletion affect autophagosome density
along the axon (Fig. 6A).

Next, we examined cargo loading,
focusing on ubiquitinated proteins and
mitochondria. Autophagosomes in htt-

depleted neurons still engulfed ubiquitinated proteins labeled
by RFP-Ub (Fig. 6B), with all autophagosomes positive for
RFP-UD in both mock and htt-depleted neurons (mock, n =
41/41 autophagosomes vs htt-depleted, n = 30/30 autophago-
somes). Autophagosomes also effectively engulfed DsRed2-
mito-labeled mitochondrial fragments (Maday et al., 2012) in
both mock and htt-depleted neurons (Fig. 6C).



1300 - J. Neurosci., January 22, 2014 - 34(4):1293-1305

Next, we investigated the initial fusion
of autophagosomes with late endosomes,
an initial step in compartment matura-
tion (Eskelinen, 2008). After formation at
the axon tip, autophagosomes acquire the
late endosomal marker LAMP1 as they
initiate their transit along the axon (Ma-
day et al., 2012). We examined the colo- B
calization of GFP-LC3 and LAMP1-RFP
at both the axon tip and along the axon in
control and htt-depleted neurons and saw
no differences (Fig. 6D); in both cases, few
autophagosomes were LAMP1 positive at
the axon tip, whereas the majority of au-
tophagosomes along the axon were
LAMP1-positive, consistent with previ-
ous observations (Lee et al., 2011; Maday
etal., 2012).

We next investigated whether au-
tophagosomes in htt-depleted neurons
are able to mature into autolysosomes.
We used a dual-color mCherry-EGFP-
LC3 reporter; the GFP moiety is preferen-
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Depletion of htt leads to inefficient mitochondrial cargo degradation in autophagosomes. A, Htt depletion does not
disrupt mitochondria morphology in either wild-type mice (WT) or GFP-L(3-transgenic mice. B, C, Representative images (B) and
kymographs (€) of increased DsRed2-mito mitochondrial fragments colocalized and cotransporting with GFP-LC3 autophago-
somes (yellow arrowheads) in axons of htt-depleted neurons. Mitochondria were imaged at longer exposures to allow for visible
cotransport of mitochondrial fragments with autophagosomes. Images and kymographs are taken from different neurons. D—F,
Htt depletion did not disrupt mitochondrial length (D; mock, n = 122; htt KD, n = 177), density along the axon (E), or percentage

of fragmented mitochondria (length << 1 um; F) in primary DRG neurons (mock, n = 9; htt KD, n = 12). G, Htt depletion

Disruption of autophagosome
transport by htt depletion leads to
accumulation of autophagosomes with
undegraded mitochondrial cargo
Previous studies have found that autophagosomes undergo mul-
tiple lysosomal fusion events (Eskelinen, 2008; Yu et al., 2010)
and that defective autophagosome transport in non-neuronal
cellsleads to inefficient autophagosome fusion with lysosomes
and decreased autophagic cargo degradation (Ravikumar et
al., 2005; Jahreiss et al., 2008; Kimura et al., 2008). To deter-
mine whether autophagic cargo is inefficiently cleared when
autophagosome transport is defective in neurons, we exam-
ined DsRed2-mito-labeled mitochondrial degradation in
htt-depleted neurons. First, we investigated whether mito-
chondrial morphology in the axon was disrupted by htt deple-
tion, but found that mitochondria had similar lengths and
densities in both control and htt-depleted neurons from either
wild-type mice or GFP-LC3 transgenic mice (Fig. 7A,D,E).
We also found that the percentage of fragmented mitochon-
dria along the axon, a commonly used indicator of mito-
chondrial health (Song et al., 2011), was not increased in
htt-depleted neurons (Fig. 7F).

To observe mitochondrial cargo fragments cotransporting
with autophagosomes, we imaged mitochondria at increased ex-
posure times. We found that at the axon tip, where autophago-

increased the percentage of GFP-L(3 autophagosomes containing DsRed2-mito mitochondria per neurite (mock, n =
n = 38). Horizontal scale bars, 10 m. Vertical scale bar, 1 min. Values represent means =+ SEM. *p << 0.05.

32; htt KD,

somes first form and engulf their cargo, htt depletion had no
effect on the flux of mitochondrial engulfment, as measured by
autophagosomes positive for mitochondrial fragments leaving
the axon tip per micrometer per minute (mock, 0.47 = 0.19/100
pm/min vs htt KD, 0.35 = 0.16/100 wm/min; p = 0.63), suggest-
ing that mitochondria are engulfed in autophagosomes at equal
rates in both mock and htt-depleted neurons. However, when
we examined autophagosomes in the mid-axon, we found that
autophagosomes in htt-depleted neurons contained a signifi-
cantly higher percentage of mitochondrial fragments (21 *
5.5%) compared with autophagosomes in mock neurons
(7 = 2.7%; p < 0.05; Fig. 7 B, C,G), suggesting that mitochon-
dria are not efficiently degraded within autophagosomes in
htt-depleted neurons.

To determine whether htt depletion affected the total level of
mitochondrial degradation in neurons, we blotted for the mito-
chondrial marker Hsp60 in lysates from DRG neurons and saw a
small net increase in mitochondria protein levels in htt-depleted
neurons (1.4 = 0.3; mean = SEM, n = 6) normalized to lysates
from control neurons. This relatively limited increase is consis-
tent with our observations from live imaging showing that total
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Figure 8.  Pathogenic polyQ-htt causes inefficient mitochondrial cargo degradation in neurons. A, Confocal live-cell images

showing GFP-LC3 autophagosomes forming (arrowheads) in the distal tip of the neurite from puncta into ring-like structuresin htt
siRNA-depleted primary DRG neurons from GFP-L(3 transgenic mice expressing either siRNA-resistant wild-type htt (Q23) or
polyQ-htt (Q100). Autophagosome density at the axon tip and along the axon is not altered by expression of polyQ-htt (Q100) in
primary DRG neurons (axon tip: WT-htt, n = 12; polyQ-htt, n = 11;axon: WT-htt, n = 14; polyQ-htt,n = 17). B, , Representative
images (B) and kymographs (€) of increased DsRed2-mito mitochondrial fragments colocalized and cotransporting with GFP-LC3
autophagosomes (yellow arrowheads) in axons of polyQ-htt (Q100)-expressing neurons. Mitochondria were imaged at longer
exposures to allow for visible cotransport of mitochondrial fragments with autophagosomes. D, PolyQ-htt expression did not
disrupt percentage of fragmented mitochondria (length << 1 wm) in primary DRG neurons (WT-htt, n = 12; polyQ-htt, n = 17).
E, PolyQ-htt expression increased the percentage of GFP-L(3 autophagosomes containing DsRed2-mito mitochondria per neurite
(WT-htt,n = 12; polyQ-htt, n = 17).F, G, Representative images (F) and quantification (G) showing similar levels of LysoTracker
Red-positive autophagosomes at the axon tip and mid-axon, but reduced LysoTracker Red-positive autophagosomes in the
proximal axon of neurons expressing polyQ-htt (Q100) compared with neurons expressing WT-htt (Q23) (axon tip: WT-htt, n = 20;
polyQ-htt, n = 18; mid-axon: WT-htt, n = 16; polyQ-htt, n = 15; proximal-axon: WT-htt, n = 14; polyQ-htt, n = 14). Horizontal
scale bars: A-C, 10 m; F, 5 um. Vertical scale bar, 1 min. Values represent means == SEM. **p << 0.01.
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depleted neurons may lead to decreased
encounters and thus decreased fusion
with lysosomes along the axon, resulting
in inefficient cargo degradation (Kimura
et al., 2008).

Defective autophagosome transport
induced by polyQ-htt leads to
inefficient degradation of engulfed
mitochondria and accumulation of
polyQ-htt aggregates

We next investigated whether cargo
degradation was similarly affected by ex-
pression of polyQ-htt. We expressed
siRNA-resistant wild-type htt (Q23) and
polyQ-htt (Q100) in primary neurons de-
pleted of endogenous htt and found that
autophagosomes were still able to form at
the axon tip (Fig. 8A). Expression of
polyQ-htt also did not affect autophago-
some density at the axon tip or autopha-
gosome density along the axon in our
cultures (Fig. 8A). To determine the effect
of autophagosome transport on cargo
degradation in polyQ-htt neurons, we
again investigated the clearance of DsRed2-
mito-labeled mitochondrial fragments by
autophagosomes because defects in mito-
chondrial bioenergetics and dynamics have
been observed previously in HD patients
and animal models (Costa and Scorrano,
2012). In our neuronal cultures, mitochon-
dria had similar lengths and densities in
both WT-httand polyQ-htt neurons (mito-
chondrial length: WT-htt, 1.44 * 0.05 um
vs polyQ-htt, 1.48 * 0.05 wm; mitochon-
drial density: WT-htt, 0.18 = 0.02/um vs
polyQ-htt, 0.20 = 0.01/wm). The percent-
age of fragmented mitochondria along the
axon was also not altered in polyQ-htt neu-
rons (Fig. 8D).

We also noted that polyQ-htt expres-
sion had no effect on the flux of mito-
chondrial engulfment, as measured by
autophagosomes positive for mitochon-
drial fragments leaving the axon tip per
micrometer per minute (WT-htt, 0.41 =
0.20/100 pm/min vs polyQ-htt, 0.40 *=
0.17/100 wm/min; p = 0.94), indicating
that mitochondria are engulfed by au-
tophagosomes at the axon tip at equal
rates in neurons expressing either wild-
type htt or polyQ-htt. However, when we

mitochondrial density along the axon is not altered, although
there is an accumulation of undigested mitochondrial fragments
in autophagosomes in transit along the axon.

Together, these results suggest that disruption of auto-
phagosome transport induced by htt depletion leads to ineffi-
cient degradation of mitochondrial fragments internalized into
autophagosomes along the axon. This inefficient degradation
does not result from a defect in initial acidification of the
autophagosome or from significant alterations in lysosomal lo-
calization. Rather, defective autophagosome transport in htt-

examined autophagosomes along the axon, we found that expres-
sion of polyQ-htt caused a dramatic and significant increase in
the percentage of mitochondrial fragments accumulated in au-
tophagosomes traveling along the axon (60 = 10.7%) compared
with WT-htt neurons (13 * 7.8%; p < 0.05; Fig. 8 B, C,E). These
results further support the hypothesis that defective autophago-
some transport leads to reduced lysosomal fusion events along
the axon and, therefore, autophagosomes are unable to maintain
an appropriate luminal environment necessary for efficient cargo
degradation.
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To test this hypothesis, we examined
the acidification state of GFP-LC3-labeled
autophagosomes in neurons expressing
polyQ-htt. For this experiment, we used
the pH-sensitive probe LysoTracker Red
because we found that this dye labels a
broader fraction of autophagosomes in
the proximal axon of wild-type neurons
(95.1 £ 2.7%) compared with the
62.0 = 3.8% of autophagosomes in the
proximal axon observed to exhibit red-only
fluorescence from the tandem mCherry-
EGFP-LC3 construct described above.
Therefore, we reasoned that loss of Lyso-
Tracker Red staining would be a more
comprehensive measure of changes in the
acidity of this compartment. We exam- C
ined autophagosomes at three distinct re-
gions along the axon: the axon tip, the
mid-axon, and the proximal axon (<100
pm from the cell body). We found that in
both WT-htt and polyQ-htt neurons, few
autophagosomes were acidified at the
axon tip (~30%), whereas the majority of
autophagosomes along the mid-axon
were LysoTracker positive (~90%; Fig.
8G), which is consistent with previous ob-
servations in wild-type neurons (Maday et
al., 2012). However, when we examined
autophagosomes that had reached the
proximal axon (closest to the cell body),
we found a significant decrease in the per-
centage of autophagosomes that were LysoTracker positive in
polyQ-htt neurons compared with WT-htt neurons (p < 0.01;
Fig. 8 F,G). These results are consistent with the hypothesis that
autophagosomes undergoing disrupted transport in polyQ-htt
neurons are unable to maintain an appropriate level of acidifica-
tion necessary for efficient cargo degradation, possibly due to
reduced lysosomal fusion events along the axon.

In HD, both soluble and aggregated pathogenic polyQ-htt are
predominantly cleared by autophagy (Ravikumar et al., 2002;
Qinetal., 2003). We used live-cell imaging of primary neurons to
further examine the role of autophagosomes in clearing polyQ-
htt from the distal axon. Both the disease-associated N-terminal
fragment of polyQ-htt (GFP-htt-68Q) and full-length polyQ-htt
(mCherry-htt-Q100) were observed to cotransport with au-
tophagosomes from the axon tip back to the cell body (Fig.
9A,B). We also saw visible aggregates forming along the cell body
and axon and accumulating at the axon tip (Fig. 9C), suggesting
that early disruption of autophagosome dynamics may contrib-
ute to ineffective autophagic clearance of polyQ-htt in HD neu-
rons, particularly from the distal axon and axon tip.

mCherry-
htt-100Q

Cell body /
proximal axon

Figure9.

Discussion

Autophagosomes form constitutively at the axon tip in neurons
and undergo robust retrograde transport toward the soma (Lee et
al., 2011; Maday et al., 2012). Here, we show that a htt/HAP1
complex drives retrograde-directed autophagosome transport by
regulating motor protein activity, likely through a scaffolding
mechanism. Htt is not required for autophagosome formation or
cargo loading in neurons. Instead, defects in htt-mediated au-
tophagosome transport lead to inefficient cargo degradation
along the axon. Further, polyQ-htt-expressing neurons demon-
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—LC3
— htt-68Q

Distance (um)

Distal axon /
axon tip

Disrupted autophagosome dynamics lead to inefficient clearance of pathogenic polyQ-htt from the distal axon. 4, B,
Representative images and kymographs and corresponding linescans show disease-associated cleaved N-terminal fragment of
GFP-polyQ-htt (Q68; A) and full-length mCherry-polyQ-htt (Q100; B) colocalized and cotransporting as autophagic cargo with
retrogradely moving autophagosomes (arrowheads) in axons of primary neurons. C, Representative image of ineffective clearance
and aggregate formation of mCherry-polyQ-htt (Q100) in the cell body, axon (arrowheads), and distal axon tip of primary neurons.
Horizontal scale bars, 10 wm. Vertical scale bars, T min.

strate defective autophagosome transport and inhibited degrada-
tive function, potentially contributing to inefficient autophagic
polyQ-htt clearance in HD.

How might htt and HAP1 regulate autophagosome transport
dynamics? Htt localizes to the outer membrane of autophago-
somes (Atwal et al., 2007; Martinez-Vicente et al., 2010). Both htt
and HAPI are present in autophagosome-enriched brain frac-
tions along with microtubule motors and colocalize with LC3-
positive autophagosomes along axons of primary neurons.
Autophagosome motility is driven by the retrograde dynein-
dynactin complex (Jahreiss et al., 2008; Kimura et al., 2008; Lee et
al., 2011; Maday et al., 2012) and the anterograde motor kinesin
(Maday et al., 2012). We show here that htt is likely not required
for motor recruitment to autophagosomes, but rather acts to
regulate motor activity. Htt binds directly to dynein (Caviston et
al., 2007); here, we found that abolishing the htt/dynein interac-
tion affects the processivity of dynein, resulting in reduced au-
tophagosome run lengths and speeds.

Abolishing the htt/HAPI interaction also disrupted autopha-
gosome transport, resulting in more stationary autophagosomes.
Because HAP1 binds to both dynactin, a required activator for
retrograde transport, and kinesin-1, a major motor for antero-
grade transport (Engelender et al., 1997; Li et al., 1998; McGuire
etal., 2006; Twelvetrees et al., 2010), HAP1 may play a key role in
coordinating bidirectional motor activity. HAP1 has been shown
to regulate kinesin-dependent amyloid precursor protein (APP)
transport (McGuire et al., 2006; Yang et al., 2012) and antero-
grade GABA receptor trafficking (Twelvetrees et al., 2010). Here,
we show that depleting HAP1 affected both retrograde and an-
terograde motility of autophagosomes, resulting in decreased
velocities in both directions. In the retrograde direction, the htt/
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dysfunctional mitochondria and polyQ-htt.

HAP1 complex may favor dynein-mediated motility by enhanc-
ing the affinity of the dynein-dynactin interaction through the
formation of a quaternary (dynein-dynactin-HAP1-htt) com-
plex. Because depleting HAP1 also prolonged anterograde runs,
but at slower speeds, HAP1 may also promote efficient autopha-
gosome transport by limiting the frequency or length of antero-
grade runs. Because similar changes in autophagosome transport
were observed upon depletion of HAP1 and expression of htt-
AHAPI, htt and HAP1 are likely acting via the same pathway,
consistent with previous studies (Gauthier et al., 2004). Together,
these results suggest that the htt/HAP1 scaffolding complex pro-
motes efficient retrograde motility by enhancing dynein-
dynactin-driven movement and limiting kinesin-driven
movement, leading to robust unidirectional autophagosome
transport toward the soma (Fig. 10A). The activity of this scaf-
folding complex may be carefully regulated in vivo by posttrans-
lational modifications by the serine/threonine kinase Akt (Colin
et al., 2008) or JNK (cJun N-terminal kinase) activity, which is
upregulated in HD (Morfini et al., 2009). Because htt and HAP1
colocalize with a subpopulation of LC3-positive autophago-
somes, it is also possible that other scaffolding proteins may
regulate the transport of distinct or overlapping subpopula-
tions of autophagosomes; our preliminary data also implicate
the JNK-binding scaffolding protein JIP1 in the regulation of
autophagosome dynamics (M.M. Fu and E.L.FE.H., unpublished
observations).

Interactions of htt with neuronal-specific proteins have been
proposed to contribute to selective cell death in HD (Subrama-
niam et al., 2009). Our observations suggest that both normal and
polyQ-htt interact preferentially with the neuronal-specific dy-
nein isoform DIC1A compared with the more ubiquitously ex-
pressed dynein isoform DIC2C. Therefore, dynein-driven
organelle transport may be selectively impaired in neurons and
may contribute to HD neurodegeneration. Previous studies have
shown that polyQ-htt expression disrupts the anterograde trans-

' Lysosomes

W Degraded mitochondria

Model of htt/HAP1’s requlation of autophagosome dynamics in neurons. A, Htt and HAP1 regulate the motor activity
and processivity of microtubule motors dynein, dynactin, and kinesin on autophagosomes via interactions among htt, HAP1, and
neuronal-specific dynein isoforms to drive robust retrograde transport of autophagosomes back to the cell body in neurons along
microtubules (MT). Retrograde autophagosome transport is necessary for efficient fusion with lysosomes for degradation of
autophagic cargo such as mitochondria. B, In HD, pathogenic polyQ-htt disrupts the htt/HAP1 motor protein complex on autopha-
gosomes via altered polyQ-htt/HAP1 association. This misregulation of motors leads to bidirectional/stationary autophagosome
dynamics in HD neurons, thereby disrupting the retrograde transport of autophagosomes necessary for efficient degradation of

polyQ-htt/HAP1 motor protein complex
may affect either dynein or kinesin motor
activity or a combination of both; specifi-
cally, aloss of motor coordination may be
the basis for the decreased autophago-
some motility we have observed in HD
neurons (Fig. 10B).

In htt-depleted neurons, we find that
autophagosomes still form and still inter-
nalize cargo, including ubiquitinated
proteins and mitochondria. Autophago-
somes also undergo an initial fusion with
endosomes, becoming LAMPI positive
upon exit from the axon tip and acidified, as measured by GFP
quenching. However, htt depletion caused a significant increase
in the fraction of autophagosomes containing undigested mito-
chondrial fragments. We investigated whether this increase re-
flected an overall increase in mitophagy, possibly upregulated in
response to impaired mitochondrial health. However, we found
that mitochondria health, as measured by density, motility, and
percent fragmentation, was not affected in htt-depleted neurons.
Moreover, the rate of mitochondrial engulfment into autopha-
gosomes at the axon tip was not altered by htt depletion, demon-
strating that loss of htt does not increase mitophagic flux. In
neurons expressing pathogenic polyQ-htt, we noted an even
more pronounced accumulation of undigested mitochondrial
fragments within autophagosomes along the axon, again, in the
absence of any evidence indicating an increase in mitophagic
flux. Together, these observations support the hypothesis that
defects in autophagosome transport lead to inefficient cargo deg-
radation (Fig. 10B).

We propose that the underlying mechanism linking these two
observations is that transport inhibition leads to reduced lyso-
somal fusion events, which may lead to insufficient accumulation
of degradative enzymes within this compartment (Ravikumar et
al., 2005; Jahreiss et al., 2008; Kimura et al., 2008) and a failure to
maintain the acidified environment required for efficient degra-
dation of engulfed proteins and organelles. In support of this
interpretation, defects in autophagosome transport have been
associated previously with impaired autophagic clearance and
neurodegeneration (Ravikumar et al., 2005; Ikenaka et al., 2013).
We found that autophagosomes in htt-depleted neurons still ac-
quire the late endosomal marker LAMP1 and become acidified,
suggesting that autophagosome-lysosome fusion is not fully im-
paired (Jahreiss et al., 2008). Htt depletion also did not affect
lysosomal motility or density in neurons compared with obser-
vations in non-neuronal cells (Caviston et al., 2011), suggesting
that inefficient cargo degradation was not caused by disrupted
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lysosomal localization. Together, our results indicate that defec-
tive autophagosome transport, rather than defects in initial acid-
ification or altered lysosomal localization, lead to reduced
lysosomal fusion events and inefficient cargo degradation along
the axon. In further support of this interpretation, we found that
both WT-htt- and polyQ-htt-expressing neurons had similar lev-
els of LysoTracker-positive autophagosomes in the mid-axon.
However, at the proximal axon, polyQ-htt-expressing neurons
had lower levels of LysoTracker-positive autophagosomes, sug-
gesting that polyQ-htt both disrupts autophagosome transport
and causes a failure to maintain the acidified environment of
autophagosomes as they move toward the proximal axon/cell
body. The autophagy receptor optineurin (Wild et al., 2011),
which binds htt, was found recently to mediate autophagosome
maturation via the actin-based motor myosin VI (Tumbarello
et al., 2012). Here, we show that htt mediates efficient autopha-
gosome maturation and cargo degradation by regulating
microtubule-based motors to promote efficient autophagosome
transport and this role is disrupted by expression of expanded
polyQ-htt.

In HD models, inefficient clearance of polyQ-htt via au-
tophagy (Ravikumar et al., 2002; Qin et al., 2003) accelerates the
formation of toxic polyQ-htt oligomers and ultimately results in
cell death (Ravikumar et al., 2004; Sarkar et al., 2007). Because
disease-associated fragments and full-length polyQ-htt are
cleared from the distal axon by retrograde autophagosome trans-
port in neurons, early defects in transport may lead to inefficient
polyQ-htt clearance, which may further clog autophagosomes
and inhibit the degradative machinery. In addition, inefficient
clearance of mitochondrial fragments may contribute to defec-
tive mitochondrial bioenergetics in HD (Costa and Scorrano,
2012). In summary, we have identified htt and HAP1 as regula-
tors of autophagosome dynamics and function in neurons.
PolyQ-htt disrupts this complex, causing disrupted autophago-
some transport and inefficient clearance of mitochondrial frag-
ments and pathogenic polyQ-htt, potentially contributing to
neuronal death in HD patients.
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